Melon (Cucumis melo L.) ranks among the highest-valued fruit crops worldwide. Some genomic tools are available for this crop, including a Sanger transcriptome. We report the generation of 689,054 C. melo high-quality expressed sequence tags (ESTs) from two 454 sequencing runs, using normalized and nonnormalized complementary DNA (cDNA) libraries prepared from four genotypes belonging to the two C. melo subspecies and the main commercial types. 454 ESTs were combined with the Sanger available ESTs and de novo assembled into 53,252 unigenes. Over 63% of the unigenes were functionally annotated with Gene Ontology (GO) terms and 21% had known orthologs of Arabidopsis thaliana (L.) Heynh. Annotation distribution followed similar tendencies than that reported for Arabidopsis thaliana, suggesting that the dataset represents a fairly complete melon transcriptome. Furthermore, we identifi ed a set of 3298 unigenes with microsatellite motifs and 14,417 sequences with single nucleotide variants of which 11,655 single nucleotide polymorphism met criteria for use with high-throughput genotyping platforms, and 453 could be detected as cleaved amplifi ed polymorphic sequence (CAPS). A set of markers were validated, 90% of them being polymorphic in a number of variable C. melo accessions. This transcriptome provides an invaluable new tool for biological research, more so when it includes transcripts not described previously. It is being used for genome annotation and has provided a large collection of markers that will allow speeding up the process of breeding new melon varieties.
M
ELON (Cucumis melo L.) is an important vegetable crop that is grown worldwide, mainly in temperate, subtropical, and tropical climates. It ranks as the ninth horticultural crop in terms of total world production. Th is species belongs to the botanical family Cucurbitaceae, commonly known as cucurbits, which includes several economically and nutritionally important vegetable crops, such as cucumber (Cucumis sativus L.), watermelon [Citrullus lanatus (Th unb.) Matsum. & Nakai], and pumpkins, gourds, and squashes (Cucurbita spp.) (Schaefer et al., 2009) .
Melon is a diploid species (2n = 2x = 24) with an estimated genome size of 450 Mbp, which is similar to that of rice (Oryza sativa L.) or cucumber (Huang et al., 2009 ) and approximately three times the size of the model species Arabidopsis thaliana (L.) Heynh. (Arabidopsis Genome Initiative, 2000) . Th e species displays a rich diversity of many traits and has become a primary model for sex expression and fruit ripening analysis (Boualem et al., 2008) . Cucumis melo is considered to be divided into two subspecies, each one with several botanical varieties (Pitrat, 2008) : subsp. melo and subsp. agrestis (Naudin) Pangalo, including the main commercial types and the most important sources of resistances and quality traits, respectively.
Th e availability of genetic and genomic resources for this crop has increased signifi cantly in recent years due to several national and international projects, such as the Spanish initiative Melogen (González-Ibeas et al., 2007; Melogen, 2003) and the International Cucurbit Genomics Initiative (ICuGI) (ICuGI, 2007) . A broad range of genomic tools are available today (Ezura and Fukino, 2009) , such as mapping populations of double haploids, recombinant inbreeds and near-isogenic lines (Eduardo et al., 2007; Harel-Beja et al., 2010) , genetic maps ), a detailed physical map (González et al., 2010a) , and an oligo-based microarray that is providing the fi rst expression studies (Mascarell-Creus et al., 2009) . Th ese tools include a collection of expressed sequence tags (ESTs), obtained using Sanger sequencing technologies, from a number of genotypes belonging to both subspecies. Th ese ESTs have been assembled to generate a melon transcriptome. Th e last version of the assembly (version 4.0, released in May 2010), available at the Cucurbit Genomics Database (ICuGI, 2007) , includes 24,444 unigenes. Also, an eff ort is in progress through a Spanish initiative to obtain the whole genome sequence of this crop (González et al., , 2010b .
A complete transcriptome is a basic resource for gene discovery, large-scale expression analysis, and genome annotation. Th e cost and the limited parallelization of the conventional Sanger method has prevented the large scale generation of EST that is necessary to generate complete transcriptomes. Recent advances in nextgeneration sequencing technologies allow us a very deep EST sequencing, effi ciently and cost-eff ectively (Shendure and Ji, 2008) . Th ere are increasing studies in which 454 sequencing technology, combined or not with Solexa/Illumina, are used to characterize transcriptomes in cereals, legumes, and other crops (Cheung et al., 2006; Emrich et al., 2007; Vega Arreguin et al., 2009; Folta et al., 2010; Guo et al., 2010) . Even in model species, such as Arabidopsis thaliana, this deep sequencing is allowing us to identify new transcripts not present in previous ESTs collections (Weber et al., 2007) . Also, specifi c transcriptomes are being generated in species for which previous genomic resources are lacking (Alagna et al., 2009; Barakat et al., 2009; Wang et al., 2009; Sun et al., 2010) . When this massive amount of data is produced from a number of diff erent genotypes, it off ers a means to identify and characterize the genetic polymorphisms underlying the phenotypic variation. Single nucleotide polymorphisms (SNPs) are the most abundant variations in genomes and, therefore, constitute a powerful tool for mapping and marker-assisted breeding. Th e new transcripts produced with next-generation sequencing are being used for high-throughput SNP identifi cation. Single nucleotide polymorphism detection is performed by aligning raw reads from diff erent genotypes to a reference genome or transcriptome previously available, as in maize (Zea mays L.), cucumber, and even in polyploid species such as oilseed rape (Brassica napus L.) (Barbazuk et al., 2006; Trick et al., 2009; Guo et al., 2010) . De novo assembly of raw sequences coming from a set of genotypes, followed by pairwise comparison of the overlapping assembled reads, has also successfully been used in species lacking any signifi cant genomic or transcriptomic resources (Novaes et al., 2008; Blanca et al., 2011) .
In this study, we describe the generation of 689,054 new C. melo high-quality ESTs from two 454 sequencing runs, one Genome Sequencer (GS) FLX and one GS FLX Titanium, using four libraries prepared from a number of tissues and four genotypes belonging to the main commercial types, with contrasting fruit phenotypes, and to the two subspecies of C. melo. By combining these new ESTs with 125,908 Sanger ESTs previously available, a melon transcriptome has been generated with 53,252 unigenes. Th ese unigenes have been accurately annotated, screened for simple sequence repeat (SSR) motifs, and used to identify a large SNP collection suited for high-throughput mapping purposes. All these tools will allow accelerating genetics and breeding of this crop.
MATERIALS AND METHODS

Plant Material
Two nonnormalized complementary DNA (cDNA) libraries were constructed using leaf material from the T111 Piel de sapo line (Semillas Fitó, Barcelona, Spain), belonging to C. melo subsp. melo var. inodorus H. Jacq., and the accession PI161375, belonging to C. melo subsp. agrestis var. conomon (Th unb.) Makino. Th ese two genotypes are the parents of the melon genetic map ) and belong to the two subspecies of C. melo. Two normalized cDNA libraries were constructed using total RNA extracted from diff erent tissues (leaf, root, male and female fl owers at diff erent stages, seedlings, and dark-grown and ethylene treated seedlings) of two genotypes, the Piñonet Piel de sapo cultivar (belonging to C. melo subsp. melo var. inodorus) and the Vedrantais cultivar (belonging to C. melo subsp. melo var. cantalupensis Naudin), belonging to the main melon commercial types, having contrasting phenotypes for fruit ripening interesting in melon breeding (both genotypes maintained at the germplasm collection of the Cucurbits breeding group of the Institute for the Conservation and Breeding of Agricultural Biodiversity [COMAV], Valencia, Spain). All tissues were collected and immediately frozen in liquid nitrogen and stored at -80°C till use.
Complementary DNA Preparation and Sequencing
Total RNA from T111 and PI161375 lines was extracted from young leaves with TRI Reagent (Sigma-Aldrich, Saint Louis, MO). Double-stranded cDNA was synthesized using SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen, Carlsbad, CA) and an oligo d(T)-primer.
Fragments below 300 bp were removed with Agencourt AMPure beads (Beckman Coulter Genomics, Danvers, MA). Final double-stranded cDNA size distribution was checked using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Th ree micrograms of sizeselected double-stranded cDNA was used for each GS FLX library and two quarters of a sequencing plate were used for each sample. Sequencing was performed at the CRAG Sequencing Service (Barcelona, Spain).
Total RNA from Piñonet and Vedrantais was extracted from each tissue using the TRI Reagent. Equivalent amounts of RNA from each tissue were combined into one pool per cultivar. Messenger RNA (mRNA) was purifi ed from the total RNA using the illustra mRNA Purifi cation Kit (GE Healthcare, Amersham Bioscience, Buckinghamshire, UK). Doublestranded cDNA was then synthesized from the RNA pools with the SMART cDNA Library Construction Kit (Clontech, Palo Alto, CA). A normalization step was performed with the TRIMMER cDNA normalization Kit (Evrogen, Moscow, Russia) to prevent over-representation of the most common transcripts. Th e polymerase chain reaction (PCR) products of cDNA were purifi ed using the QIAquick PCR Purifi cation Kit (Qiagen, Hilden, Germany). Normalization quality of cDNAs libraries was checked by quantitative PCR. Th e cDNA length and normalization are critical factors to have a good transcriptome representation, to have SNPs along the whole gene sequence, and to have a high quality SNP prediction. Approximately 1 μg of double-stranded cDNA from each of the two normalized cDNA pools were used for sequencing on a GS FLX Titanium Sequencing platform. A half sequencing plate was performed for each sample at Creative Genomics (New York, NY).
Complementary DNA Sequence Processing and Assembly
Th e whole sequence analysis was performed by using the ngs_backbone pipeline developed at COMAV (Bioinformatics at COMAV, 2010) . Th e tools and analysis mentioned in the following sections were all performed by ngs_backbone, but here the third party tools, databases, and parameters used by ngs_backbone are described.
For assembly, 454 sequences were combined with Sanger sequences, previously available at ICuGI database (ICuGI, 2007) . Sanger sequences were obtained from diff erent libraries and genotypes; the same four genotypes sequenced with 454 (the inodorus Piel de sapo T111 and Piñonet, the cantalupensis Vedrantais, and the conomon PI161375) and six additional genotypes, the cultivar TamDew (C. melo subsp. melo var. inodorus), the cultivars Dulce, Noy Israel, and Charentais, the accession C35 of the germplasm collection of Estación Experimental La Mayora -Consejo Superior de Investigaciones Científi cas (EELM-CSIC, Málaga, Spain) (C. melo subsp. melo var. cantalupensis), and the exotic accession Pat81 of the COMAV collection (C. melo subsp. agrestis var. conomon).
Sequences were processed before the assembly. To remove the adaptors, an alignment with the primers and adaptors used during the sequencing process was done by Exonerate (Exonerate, 2005) . Th e low quality regions from the reads were trimmed by using Lucy (Chou and Holmes, 2001) . Sequences shorter than 100 bp were discarded and not used for the assembly. Th e processed sequences were assembled with Mira (Chevreux et al., 2004) . Default ngs_backbone options were used to assemble the unigenes.
Gene Annotation
Structural and functional annotation was performed by sequence comparison with public databases. All unique assembled sequences (unigenes) were sequentially compared using blast (cutoff e-value of 10 (European Bioinformatics Institute, 2010; UniProt Consortium, 2010b) . Once a sequence had a good enough blast hit in one of the databases, a description was build from the description of that hit. Also, a bidirectional blast search comparison was performed to obtain a set of putative orthologs with Arabidopsis thaliana and equivalents with melon, using the melon unigenes contained in the ICuGI database (ICuGI, 2007) .
Additionally, we performed a functional classifi cation of the unigenes following the Gene Ontology (GO) scheme. Blast2GO (Conesa and Götz, 2008) was used for this purpose. Blast2GO used the results of a blast search against the National Center for Biotechnology Information (NCBI) nonredundant protein database (release of 20010-03-27) (NCBI, 2010a) (cutoff e-value of 10 -20 ) to infer the relevant GO terms for every sequence. Open reading frames (ORFs) were predicted in the unigenes with the aid of the ESTScan soft ware (Iseli et al, 1999) . We used the Arabidopsis codon usage table to perform the ORF searching. Introns were assigned by aligning the unigenes with the melon genomic sequence (a draft is being produced within the MELONOMICS consortium and is available for the partners of the funding project [González et al., 2010b] ) using the Emboss: est2 genome (European Bioinformatics Institute, 2001 ).
Identifi cation of Simple Sequence Repeats and Single Nucleotide Polymorphisms
Simple sequence repeats were annotated using the Sputnik soft ware (Abajian, 1994) . Sequences containing greater than or equal to four di-, tri-, or tetra-nucleotide repeats were selected. A set of SSRs were validated using the genotypes sequenced with 454 (T111, Piñonet, Vedrantais, and PI161375), some of the genotypes sequenced with Sanger (TamDew, Dulce, Noy Israel, and Pat 81) described previously, and two additional genotypes belonging to the C. melo L. subsp. melo var. momordica (Roxb.) Duthie & J. B. Fuller group (PI124111 and PI414743, provided by National Plant Germplasm System [NPGS]-USDA, and maintained at the COMAV collection) used as parentals of other melon genetic maps. Primer pairs fl anking each SSR locus were designed using the Primer3 program (Rozen and Skaletsky, 2000) .
Polymerase chain reactions were performed in a fi nal volume of 15 μL with 1x PCR buff er (100 mM TrisHCl, 15 mM MgCl 2 , 500 mM KCl, and pH 8.3), 200 μM deoxyribonucleotide triphosphates (dNTPs), 0.15 μM each primer, and 1 μL of template (approximately 10 ng μL -1 ) 0.5 U Taq polymerase. Th e cycling conditions were as follows: denaturation at 94°C for 2 min, followed by seven cycles of 45 s at 94°C, 45 s at 68°C (with each cycle the annealing temperature decreasing 2°C), and of 1 min at 72°C. Products were subsequently amplifi ed for 30 cycles at 94°C for 45 s, 54°C for 45 s, and 72°C for 1 min, with a fi nal extension at 72°C for 7 min. Th e forward primer was designed adding an M13 tail to its 5′ end. Polymerase chain reaction products were separated using 6% polyacrylamide gels, 1x Tris-borateethylenediaminetetraacetic acid (EDTA) (TBE) buff er in a LI-COR 4300 (Li-COR BioScience, Lincoln, NE). IRD700 and IRD800-labeled amplicons were visualized by adding to PCR mixture 0.2 μM of fl uorescent label (IR700 or IR800) M13 tail. Number of alleles, frequency of the most common allele, and the polymorphism information content (PIC) were calculated for each locus for the 10 melon genotypes using the PowerMarker soft ware (Liu and Muse, 2005) . Cluster analysis was also performed with the Nei's genetic distance (Nei et al., 1983) . Th e support values for the degree of confi dence at the nodes of the dendrogram were analyzed by bootstrap resampling 1000 times.
Th is C. melo EST collection has been produced using several genotypes belonging to diff erent subspecies and morphotypes of C. melo appropriate for SNP discovery. ngs_backbone was also used to detect single nucleotide variants (SNVs) (SNPs and indels) by mapping the 454 and Sanger processed reads against the unigene assembly using BWA (Burrows-Wheeler Aligner) (Li and Durbin, 2010) . We kept only SNVs meeting stringent quality criteria: (i) minimum allele quality (accumulated sequence quality for every allele) and (ii) minimum mapping quality. Th e default threshold set by ngs_ backbone was set for both parameters.
Despite satisfying the quality criteria, not all the SNVs seemed equally reliable. Several fi lters were applied to maximize a successful validation and/ or implementation in high-throughput genotyping platforms (Fan et al., 2006; Gupta et al., 2008) . Single nucleotide variants include both SNPs and indels and the VKS fi lter (VKS [it is not an SNP]) classifi es them in those categories. Some fi lters dismiss SNVs in redundant or highly variable regions (UCR [region is not unique or noncontiguous] and HVR4 [the region has more than four SNVs per 100 bp'). Other fi lters used were CS60 (SNV is closer than 60 bp to another SNP or indel), I59 (an intron is located closer than 59 bp), and CL60 (SNV is closer than 60 bp to the sequence edge) that facilitate the use of variants in Golden Gate genotyping platforms.
Th ose SNVs with only one allele (sequenced one or more times) within each genotype can be selected by fi ltering out those that are variable with NVPiñ, NVT111, NVVed, NVDul, NVPI161, and NVPat81 (it is variable in Piñonet, T111, Vedrantais, Dulce, PI161375, and Pat81, respectively). Also, those with only one allele, with one or more reads, within a group of genotypes can be selected by using NVPs for the Piel de sapo group (it is variable in T111 and Piñonet), NVCant for the cantalupensis group (it is variable in Vedrantais, Charentais, and Dulce), NVCon for the conomon group (it is variable in Pat81 and Pi161375), and NVmelo for the accessions of the subsp. melo (it is variable in T111, Piñonet, Dulce, Vedrantais, and Charentais). Th ese fi lters allow us to identify markers uniform within varieties or subspecies. Combined with additional fi lters VSCant-Con (it is not variable in Dulce, Vedrantais, Charentais, Pat81, and PI161375) and VSPs-Con (it is not variable in T111, Piñonet, Pat81, and PI161375), they allow to select those SNPs polymorphic among groups.
We also detected those SNPs that can be analyzed via cleaved amplifi ed polymorphic sequence (CAPS) (searching for allele-specifi c restriction targets) fi ltering out with nCAP, and validated a subset of them using the same set of genotypes that in SSRs analysis. Polymerase chain reactions were performed in a fi nal volume of 25 μL with 1x PCR buff er (100 mM Tris-HCl, 15 mM MgCl 2 , 500 mM KCl, and pH 8.3), 200 μM dNTPs, 0.15 μM each primer, and 2 μL of template (approximately 10 ng μL -1 ). Th e cycling conditions were as follows: denaturation at 95°C for 3 min, followed by 30 cycles of 30 s at 95°C, 30 s at 55°C, and of 60 s at 72°C, with a fi nal extension at 72°C for 7 min. Polymerase chain reaction products were digested with the corresponding enzymes and detected by 2% agarose gel electrophoresis. Cluster analysis was as described for SSRs.
RESULTS AND DISCUSSION
Expressed Sequence Tag Sequencing and Assembly
We performed two 454 sequencing runs, one with the GS FLX reagents and one with GS FLX Titanium reagents on the GS FLX System. A half GS FLX run was performed on each of the two libraries constructed from leaves of the genotypes used as parentals of the melon genetic map ), belonging to the two subspecies of C. melo subsp. melo var. inodorus cv. Piel de sapo T111 and subsp. agrestis var. conomon PI161375. Th e two GS FLX Titanium half runs were performed on two normalized libraries constructed from a pool of tissues (leaves, roots, female and male fl owers at diff erent stages, seedlings, dark-grown seedlings, and ethylene-treated seedlings) using two cultivars of the subsp. melo, belonging to the main melon commercial classes, var.
inodorus cv. Piel de sapo Piñonet and var. cantalupensis cv. Vedrantais. A total of 763,352 reads were obtained from the four libraries (Table 1) . Th e GS FLX Titanium run provided reads ~1.7x longer than GS FLX (average length of 392 versus 228 bp). Similar lengths have been reported in previous studies (Gedye et al., 2010; Sun et al., 2010; Blanca et al., 2011) .
Reads were processed using the ngs_backbone soft ware (Bioinformatics at the Institute for the Conservation and Breeding of Agricultural Biodiversity, 2010) to eliminate adaptor sequences, low quality chromatograms, and sequences of less than 100 bp. Aft er processing, we obtained 689,054 high quality ESTs, comprising 243 Mbp, with an average length of 400 and 235 bp for the two sequencing methods, respectively. Th e length distribution of these ESTs is shown in Fig. 1 . More than 89% of the ESTs fell between 200 and 550 bp in length. All reads were deposited in the NCBI database and can be accessed in the Sequence Read Archive (NCBI, 2010b) under the accession number SRA050214.
Th e 454 ESTs generated in this study were combined for clustering and de novo assembly with a previously available collection of 125,908 ESTs (average length 613 bp and total length 81.3 Mbp) produced using traditional Sanger sequencing methods. Sanger ESTs were obtained mainly by two transcriptome sequencing initiatives, Melogen (González-Ibeas et al., 2007) and ICuGI (ICuGI, 2007) , from diff erent tissues (callus, leaves, roots, fl owers, and fruits at diff erent stages) and from 10 genotypes (including the four sequenced in this paper with 454 and one additional inodorus, four cantalupensis, and one conomon) and are publicly available at ICuGI (ICuGI, 2007) . A summary of the Sanger dataset using for this assembly, before and aft er processing, is detailed in Supplemental File S1.
Finally, 753,004 ESTs were assembled using the Mira assembler (Chevreux et al., 2004 ) yielding a total of 53,252 high-confi dent tentative consensus sequences (nonredundant sequences or unigenes). Approximately 55% of the unigenes (29,566) were composed only of 454 ESTs, whereas only 4% (1873) were assembled exclusively from Sanger ESTs and 41% (21,813) included sequences of both datasets. About 28, 32, and 96% of the unigenes included sequences from Melogen (González-Ibeas et al., 2007) , ICuGI (ICuGI, 2007) , and 454 datasets, respectively. Th ese results agree with those of previous studies combining 454 and Sanger ESTs (Vega-Arreguin et al., 2009; Guo et al., 2010; Ueno et al., 2010) in which next-generation sequencing contributes signifi cantly to the identifi cation of novel unigenes.
Th e distribution of the number of ESTs per unigene is shown in Fig. 2A . Th e majority of unigenes were assembled from a moderate number of ESTs (from 2 to 10), with an average of 14.1 ESTs per unigene. Th is relatively low redundancy is probably due to the success of the normalization process, responsible for the suppression of superabundant transcripts. Also, the EST assemblers can in some cases split ESTs generated from the same transcript into several unigenes. Th is behavior is usually due to the diffi culty of distinguishing sequence variations due to individual provenance to those due to close paralogs.
However, part of the 454 and the Sanger ESTs came from nonnormalized libraries. Consistently, we were able to identify a number of highly abundant transcripts. Around 3103 transcripts (5.8% of all the unigenes) have more than 50 EST members. Th ese abundant transcripts contain ~60% of the assembled EST reads. Th e assembled unigenes had an average length of 774.3 bp comprising approximately 42.2 Mbp in total. Th e length distribution of the unigenes is shown in Fig. 2B . Th e analysis revealed that more of the 50% of unigenes were larger than 673 bp, and only 5% of the sequences were shorter than 266 bp.
Th e number of assembled unigenes is similar to that obtained in previous transcriptome analyses performed with massive sequencing in maize, Eucalyptus grandis W. Hill ex Maiden, Artemisia annua L., chestnut (Castanea spp.), olive (Olea europaea L.), and cucumber. However, our de novo assembly with the longer reads obtained with the GS FLX Titanium platform and the combination with Sanger sequences render unigenes that on average are almost two times longer than those reported in other studies that used Genome Sequencer 20 and Genome Sequencer FLX platforms (Novaes et al., 2008; Alagna et al., 2009; Barakat et al., 2009; VegaArreguin et al., 2009; Wang et al., 2009; Guo et al., 2010) . Our assembled unigenes were also larger than those reported for other plant trancriptomes obtained using the GS FLX Titanium platform combined with Sanger Sun et al., 2010) . Th ese diff erences in length might also be due to the diff erent assemblers used. Cucumis melo unigenes length is comparable to that reported for previous melon Sanger-based transcriptome (González-Ibeas et al., 2007) , but the addition of 454 reads brought to 53,252 the number of unigenes, two times the number of unigenes reported in the last ICuGI assembly (24,444 unigenes in the v.4) (ICuGI, 2007) . Th e sequences of the unigenes in fasta format are available in the Supplemental File S2 with unigene numbers from METC000001 to METC053252.
Structural and Functional Annotation
Th e long unigenes generated in this study present the advantage of being more accurately annotated. Most unigenes, 49,610 (93%) were predicted to have one ORF. By aligning the unigenes with the genomic sequence of melon, intron locations were predicted in 33,217 unigenes (63%). Annotation results regarding ORF and introns position are included in Supplemental File S3.
To identify C. melo unigenes potentially encoding proteins with known function, a BLAST analysis (Altschul et al., 1997) was performed in a sequential way using Swiss-Prot, Arabidopsis protein, and Uniref90 protein databases (e-value cutoff of 10 -20
). Over 67% of the unigenes (35,740) had at least one signifi cant hit. Most unigenes had signifi cant hits in the Swissprot (59%) and in the Arabidopsis (33%) databases and less in Uniref (8%). Blast results are listed in Supplemental File S4.
Gene Ontology terms were further assigned to melon unigenes using Blast2GO (Conesa and Götz, 2008 ) based on the automated annotation of each unigene using BLAST results against the GenBank nonredundant protein database (nr) from NCBI (NCBI, 2010a). A total of 33,575 unigenes (63%) could be annotated with one or more GO terms. Th e unigenes distribution regarding the number of GOs to which they were assigned is shown in Supplemental File S5. Th e number of GO terms per unigene varied from 1 to 34. More than the 78% of the unigenes could be assigned to more than one GO term, the majority of the unigenes being mapped to two to seven GO terms. In total, 121,302 GO terms were retrieved. Th e GO annotation analysis reinforces the idea that a broad diversity of genes was sampled in our multitissue normalized and nonnormalized cDNA libraries.
We used the GO annotations to classify each unigene into diff erent functional categories using a set of GO slims, which are a list of high-level GO terms providing a broad overview of the ontology content. Figure 3 shows the functional classifi cation of melon unigenes into GO slims within the categories of biological process and molecular function in comparison with that obtained with the assembly of Sanger ESTs (available at ICuGI database, v4 [ICuGI, 2007] ). Gene Ontology annotations showed fairly consistent sampling of functional classes. Cellular process and metabolic process were among the most highly represented groups in the category of biological process, indicating extensive metabolic activities. Genes involved in other important biological processes such as stress response, signal transduction, and ripening were also identifi ed through GO annotations. Under the molecular function category, assignments were mainly to the binding and catalytic activities. A large number of hydrolases, kinases, and transferases were annotated. Also, transcription and translation factors were well represented. It is worth noting that percentages of genes involved in DNA, RNA, and protein binding and transcription factors were higher in the new unigene collection than in the Sanger ESTs annotation that was richer in transferases, hydrolases, and kinases. Th e distribution of C. melo unigenes also follow similar tendencies to that reported for Arabidopsis thaliana (González-Ibeas et al., 2007) , suggesting that the dataset represents a fairly complete melon transcriptome. All GO annotations are compiled in the Supplemental File S6.
Doing a reciprocal blast search, we have also identifi ed 11,253 C. melo unigenes (21%) with an ortholog in Arabidopsis thaliana, and 18,405 (35%) with a melon equivalent in the ICuGI databases (ICuGI, 2007) . A list of the identifi ed orthologs is included in Supplemental File S7.
Only 10,710 (20%) of the unigenes could not be annotated (no signifi cant blast hits, no GO terms, and no ortholog or equivalent). Short sequences are less likely to align with a signifi cant e-value. However, the average length of these nonannotated unigenes was 440 bp, with 50% being longer than 523 bp. For homology searches against known genes, unigenes longer than 200 bp are widely accepted for the eff ective assignment of functional annotations . In previous studies performed with massive sequencing techniques a similar or even higher number of unigenes did not match with any reported transcribed sequences, potentially representing newly detected transcripts (Barbazuk et al., 2006; Weber et al., 2007; Vega-Arreguin et al., 2009) , although a certain degree of contamination of transcriptome libraries with genomic DNA is also possible.
Simple Sequence Repeat and Single Nucleotide Polymorphism Discovery and Validation
We performed a general screen on the C. melo unigene dataset for the presence of microsatellites, analyzing its nature and frequency. A search for di-, tri-, and tetranucleotide repeats yielded a total of 3593 potential SSRs in 3298 unigenes; that is, approximately 6% of the unigenes contained at least one of the considered SSR motifs. Th is percentage agrees with previous studies using EST databases that show that 3 to 7% of expressed sequences contain putative SSR motifs (Th iel et al., 2003; Guo et al., 2010) .
Approximately 45% (1631) of the SSRs were in genes with a melon equivalent in ICuGI (ICuGI, 2007) , whereas 17% (624) were in nonannotated genes. Th e maximum and minimum lengths of the repeats were 124 and 17, and the average length was 27 nucleotides. Th ese were mostly tri-nucleotide (67.7%) and less di-(25.2%) and tetra-nucleotide (7.1%). Th e most common repeat motifs are indicated in Table 2 . Th e melon SSRs annotated in the Sanger collection (available at ICuGI [ICuGI, 2007] ) showed a higher percentage of di-nucleotide motifs (41%) and diff erences in the distribution of trinucleotide motifs. A similar bias toward AG, AAG, and AAAG and against CG repeats has been reported in EST-SSRs of many crops, including previous studies of other cucurbits like cucumber and Cucurbita pepo L. (Guo et al., 2010; Blanca et al., 2011) . It has been proposed that this may be due to the tendency of CpG sequences to be methylated, which potentially might inhibit transcription. Th e complete list of SSRs and their corresponding information are provided in Supplemental File S8.
It is known that the untranslated regions (UTRs) are richer in SSRs than the coding regions (Morgante et al., 2002; Th iel et al., 2003) . Most melon SSRs with known positions were located in the UTRs (57%), mainly in the 3′ region, and less in the ORFs (43%) ( Table 3 ). An analysis of the localization of di-, tri-, and tetra-repeats showed that tri-nucleotides localized preferentially in ORFs, consistently with maintenance of the ORFs coding capacity, whereas di-and tetra-nucleotides were more frequent in UTRs. Th ese results agree with those reported previously in melon and other species (González-Ibeas et al., 2007; Ueno et al., 2010) .
We selected a set of 43 ESTs-SSRs for validation, all located in ORFs, 40 (93%) amplifi ed polymorphic fragments in a set of 10 genotypes of Cucumis melo, belonging to diff erent subspecies and morphotypes of the species (three inodorus: T111, Piñonet, and TamDew; three cantalupensis: Vedrantais, Dulce, and Noy Israel; two conomon: PI161375 and Pat81; and two momordica: PI124112 and PI414723). Details of these validated SSRs are included in the Supplemental File S9.
On average we found 3.6 alleles (from 2 to 7) per primer pair and PIC values ranged from 0.25 to 0.85 (mean = 0.54). Most SSRs (92%) were useful to detect variability between subsp. melo and agrestis, with unique alleles of one or both subspecies. Th e genetic relationships among accessions based on SSRs were investigated by cluster analysis (Fig. 4) . Th e dendrogram fi ts very well previous classifi cations with diff erent marker systems (Esteras et al., 2011) . Simple sequence repeats successfully separated accessions of both subspecies and diff erentiated all the analyzed genotypes. Eighty, sixty-three, and twelve percent were polymorphic within the momordica, cantalupensis, and conomon groups, respectively, and 15% detected variation between the two genetically close Piel de sapo types. Th ese SSRs can be useful for fi ngerprinting genetically close commercial lines and also for mapping purposes, as T111, Vedrantais, Dulce, PI161375, PI124112, and PI414723 are parentals of several melon genetic maps (Périn et al., 2002 : Perchepied et al., 2005 González-Ibeas et al., 2007; Harel Beja et al., 2010) .
Massive sequencing of ESTs in a number of diverse genotypes has been previously used for developing large SNPs collections (Barbazuk et al., 2006; Novaes et al., 2008; Trick et al., 2009; Guo et al., 2010) . Since the ESTs generated under the present study, using the 454 Sequencing technology, are from four diff erent genotypes belonging to the two subspecies, and the previously available Sanger sequences come from six additional genotypes, we expected SNPs to be frequent in our collection. Th e SNP calling was done with the default parameters recommended by the ngs_backbone soft ware (Bioinformatics at the Institute for the Conservation and Breeding of Agricultural Biodiversity, 2010). A total of 810,882 sequences were mapped to the assembled transcriptome for SNPs identifi cation (84% 454 and 26% Sanger). Th e mapped reads were mostly from the cantalupensis Vedrantais (35.8%), the two inodorus Piel de sapo cultivars, Piñonet (28.7%) and T111 (17.7%), and the conomon PI 161375 (13.9%). Th e remainder genotypes were less represented: less than 1% the cantalupensis C35 and Dulce and the conomon Pat81 and less than 0.5% the cantalupensis Noy Israel and Charentais and the inodorus TamDew.
Stringent quality criteria were used for distinguishing sequence variations from sequencing errors and mutations introduced during the cDNA synthesis step. Only variations with allele and mapping quality over the established thresholds were annotated. By applying these criteria, we initially identifi ed a total of 38,587 SNPs and 5795 indels distributed in 14,417 unigenes (27.1%), averaging a total of 3.1 single variations per unigene. Of this only 3728 (8%) were detected exclusively with Sanger sequences, whereas the vast majority were detected using only 454 or combining 454 and Sanger. Within the detected SNPs, transitions (74%) were much more common than transversions (26%) ( Table 4) . A similar number of A/G and C/T transitions and also similar percentages of the four transversion types (A/T, A/C, G/T, and C/G) were found. A set of SNPs could be accurately located with respect to putative initiation and termination codons, being mostly located in ORFs (82%). Detailed information about the identifi ed SNPs and indels is included in the Supplemental File S10, including the nucleotidic change, the number of alleles, and the allelic frequency in each genotype. Diff erent fi lters were applied to facilitate the management of the identifi ed variants. Indels can be distinguished from SNPs (those with VKS fi lter tag [it is not an SNP] in Supplemental File S10). Other fi lters were applied for the in silico selection of the SNPs to identify the ones more suited for diff erent research purposes. Unigenes were mapped to the available draft genome sequence of melon. All SNPs mapping in nonunique or noncontiguous genomic regions can be fi ltered out (those with UCR fi lter tag in Supplemental File S10) (9179, or 24%) . Also, all SNPs located in sequences with more than four SNPs or indels per 100 bp (with The number of di-, tri-, and tetra-nucleotide repeats identifi ed in the Cucumis melo unigene dataset is shown for the complete set of putative SSRs. . Cluster analysis of the genetic relationships among a set of 10 C. melo genotypes belonging to two varieties of subsp. agrestis (conomon and momordica) and two varieties of subsp. melo (cantalupensis Naudin and inodorus H. Jacq.). Genetic distance of Nei et al. (1983) and bootstrap (resampling 1000 times) were calculated. and PI161375) and the Piel de sapo and conomon (T111, Piñonet, Pat81, and PI161375)-can be fi ltered out with VSCant-Con and VSPs-Con. Th e absence of these fi lters indicates that the SNP is sequenced and is variable within the group.
Combining these fi lters we can, for example, select those SNPs that are sequenced and are uniform within each Piel de sapo genotype (lacking NVPiñ and NVT111 in Supplemental File S10), but are variable between them (with NVPs). One thousand, seven hundred eighty-eight SNPs met those criteria (288 with two or more reads per allele), being potentially useful for fi ngerprint genetically close varieties belonging to this main commercial market class. Only 24% of these SNPs could have been detected only from Sanger sequences, which reinforces the importance of deep sequencing for SNPs detection.
Among those SNPs (5980) that were uniform within and between Piel de sapo cultivars (lacking NVPiñ, NVT111, and NVPs), 2122 were polymorphic between Piel de sapo and one or both conomon sequenced genotypes (lacking NVCon and VSPs-Con). Another SNP set (3235) was selected for detecting variation between cantalupensis and conomon, being uniform within each group (lacking VSCant-Con, NVCon, and NVCant). Th ese sets of markers could be more effi cient for mapping purposes, using crosses between Piel de sapo × conomon or cantalupensis × conomon, using as parentals not only the sequenced accessions but also additional accessions of each group.
Another set of fi lters allow to select those SNPs that met diff erent criteria for facilitating validation and for their use in a Golden Gate genotyping assay (Fan et al., 2006; Gupta et al., 2008) , discarding those that were closer than 60 bp to another SNP or indel (CS60) and/ or were predicted to be located closer than 59 bp to an intron (I59) and/or were closer than 60 bp to the unigene edge (CL60). Finally, 11,655 SNPs were selected that met all criteria. From these, 453 SNPs were identifi ed that can be detected as CAPS (lacking nCAP fi lter tag) as they generate allele-specifi c restriction targets.
We selected 45 of these putative CAPS (all with a minimum of two reads per allele) for validation. All amplifi ed in the corresponding genotypes and were validated by sequencing. Eighty nine percent (40) provided the expected polymorphism aff ecting the corresponding restriction target. All were also validated as CAPS, 98% being polymorphic between the expected genotypes aft er digestion with the corresponding enzyme. Th is percentage of validation is comparable to that reported in previous studies (Novaes et al., 2008; Blanca et al., 2011) . Th e genetic relationships among accessions based on CAPS were also investigated by cluster analysis. Results were similar to those obtained with SSRs. Cleaved amplifi ed polymorphic sequences effi ciently diff erentiate all cultivars, even the genetically close Piel de Sapo, and separate accessions of both subspecies (Fig. 5) . Information of the validated SNPs is included in Supplemental File S11. Th ese CAPS markers are especially useful when experience or equipment for SNPs detection using other methods is not available. All annotation results (ORFs, introns, descriptions, GO terms, Arabidopsis thaliana, melon orthologs, SNVs, and SSRs) have been also added in Supplemental File S12 using the GFF3 standard fi le format of the Sequence Ontology Resources (Sequence Ontology Project, 2010; Eilbeck et al., 2005) .
CONCLUSIONS
Our results demonstrate how massive sequencing can contribute to improve the melon Sanger-based transcriptome, providing new unigenes that might represent newly detected transcripts. Th e use of GS FLX Titanium reads and the combined assembly with longer Sanger ESTs has generated long unigenes, allowing an accurate annotation. Th e detailed annotation provided in this paper will facilitate the use of the collection for gene discovery. It is also being used for genome annotation. Also, the markers collection provided here will be useful for mapping purposes and genotyping studies. Th e fact that these markers have been detected in a wide set of genotypes of this highly variable species make them suitable to design genotyping assays with broad utility. Th e fi ltering process is also very useful to optimize their use with high throughput genotyping platforms.
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